We evaluated the hydroxyl and alkyl-oxy radical scavenging activity of instant coffee using an electron spin resonance (ESR) spin-trapping method, which was based the spin-trapping reagent 5-(2,2-dimethy-1,3-propoxycyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO). In this method, very pure hydroxyl and alkyl-oxy radicals were generated by illuminating a phosphate buffer solution containing hydrogen peroxide and 2,2'-azobis (2-amidinopropane) dihydrochloride with a Hg-Xe arc lamp. The ESR adduct signal was sensitive and very stable. We concluded that instant coffee has high hydroxyl radical and alkyl-oxy radical scavenging activity.
Introduction
Antioxidants in plants act as efficient radical scavengers [1] . Oxidation processes are crucial for food storage because oxidation is a major cause of chemical spoilage of food, leading to rancidity and/or deterioration of the nutritional quality, color, flavor, and texture of food [2] . Thus, the total antioxidant activity is an important factor for consideration when evaluating food quality. A highly complex antioxidant protection mechanism has evolved to protect the body's organ systems against reactive oxygen species, involving a variety of endogenous and exogenous components that eliminate free radicals. These components include nutrient-derived antioxidants, antioxidant enzymes, metal-binding proteins, and numerous other antioxidant phytonutrients that are present in a wide variety of plant foods [2] .
Prior et al. [3] reviewed some of the basic methods of measuring the antioxidant activity of foods, and three methods are recommended for standardization: the oxygen radical absorbance capacity (ORAC), Folin-Ciocalteu, and the 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) equivalent antioxidant activity methods. Although several methods have been proposed for the determination of the antioxidant's free radical scavenging activity, the ORAC method is gaining popularity in agricultural and nutritional sciences.
Electron spin resonance (ESR) spectroscopy is a powerful technique for free radical evaluation [4] . Its ability to detect radicals in dry samples makes ESR spectroscopy very useful for identifying radicals in irradiated food [5] and provides a new approach for detecting the irradiation history of food [6] . This technique has been applied to measurements of radiation-induced radicals in black pepper [7] and crude Chinese medicines [8] . ESR spectroscopy can also detect radicals in liquid media. ESR spin trapping is a technique that allows the detection and identification of low concentrations of free radicals in reacting systems [9] . This method involves the trapping of a reactive free radical by an addition reaction to produce a more stable ESR-detectable radical, whose hyperfine coupling parameters permit identification of the initial trapped radical. We reported an investigation of the hydroxyl [10] and alkyl-oxy [11] radical scavenging activities of plant-based food extracts using ESR. We generated highly pure hydroxyl and alkyl-oxy radicals by illuminating a phosphate buffer solution containing hydrogen peroxide (H 2 O 2 ) and 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) with a Hg-Xe arc lamp. 5-(2,2-Dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO) is a new radical trapping reagent based on a cyclic DEPMPO-type nitrone and is colorless, crystalline, and freely soluble in water. We used CYPMPO as a radical trapping reagent to effectively trap hydroxyl and alkyl-oxy radicals [10, 11] .
Coffee contains caffeine, a pharmacologically active ingredient that has a high radical scavenging activity [12, 13] . However, the scavenging activity of coffee extracts has not been evaluated by ESR. The radical scavenging activity of coffee extracts is affected by roast condition, temperature of water used for extraction and extraction procedure. In the present study, we evaluated the hydroxyl and alkyl-oxy radical scavenging activity of instant coffee extracts using the ESR spin trapping method.
Materials and Methods

Reagents
The radical reagent CYPMPO was purchased from Radical Research (Hino, Japan). All other chemicals were purchased from Wako Pure Chemical Co. (Tokyo, Japan) and were of the highest grade.
Samples
The instant coffee samples (A, B, C, and D) were commercially available in Japan. Per the manufacturer's recommendation, instant coffee powder (2 g) was dissolved in hot water (140 mL) to provide a coffee concentration that was assumed to be 1 unit. We prepared samples of 0.25 units to 4 units. 
Hydroxyl Radical Scavenging Activity
Alkyl-oxy Radical Scavenging Activity
A light illuminator was employed to produce free radicals from AAPH. The illumination conditions were optimized such that AAPH was efficiently photo decomposed to generate alkyl-oxy radicals. A solution of phosphate buffer (80 μL, 100 mM, pH 7.4) that contained AAPH (50 μL, 4 mM) CYMPO (20 μL, 100 mM) was illuminated for 5 s using the attenuated Hg-Xe arc lamp. The alkyl-oxy radical trapping activity was expressed as an equivalent concentration of ascorbic acid (mM/mg sample).
ESR Measurements
An X-band ESR spectrometer (EMX-plus, Bruker Biospin, Yokohama, Japan) equipped with 100 kHz
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Activity of Coffee by ESR Spin Trapping Method 307 field modulation was used for ESR measurements. Typical spectrometer settings were as follows: resonance field of ~3,421-3,621 G; field modulation width of 1 G; microwave power of 6 mW; time constant of 0.1 s. ESR spectra were accumulated at room temperature. The typical procedure for detection of ESR radical scavenging activity was as follows. The prepared solution was loaded into a flat disposable borosilicate sample cell (Radical Research, Hino, Japan) and placed inside the ESR cavity, where it was illuminated in situ. The ESR signal was recorded immediately after stopping the illumination.
Kinetics
We used the method of Kohri et al. [14] to analyze our data.
The peak-to-peak intensity of the selected ESR signal of the free radical adduct was monitored in the presence or absence of the selected antioxidant (ascorbic acid). In the presence of the radical reagent (RR) and antioxidant (AOx), the following free radical (R) scavenging reactions should occur:
R +RR → R-adduct (rate constant: k RR ) (1) R + AOx → product (rate constant: k AOx ) (2) If I 0 and I are, respectively, the ESR peak heights that occur in the presence of RR alone and RR + AOx, then the amount of the product in Eq. (2) ) gives a zero-crossing line with a slope of (k AOx / k RR ). When the same radical scavenging and free radical-generating conditions are used, k RR becomes common for all antioxidants. If (k AOx /k RR ) for each sample is normalized using that of the ascorbic acid standard, the result can be expressed in terms of ascorbic acid concentration.
Results and Discussions
Measurement of Scavenging Activity
The ESR spectrum shown in Fig. 1 demonstrates the formation of adducts between hydroxyl and alkyl-oxy radicals and CYPMPO. An aqueous solution of CYPMPO was illuminated with a Hg-Xe arc lamp light for 5 s to obtain ESR signals for the stable hydroxyl radical and alkyl-oxy radical adducts of CYPMPO. The peak-to-peak intensity of the signal at g = 2.0024 was used as the value of I 0 or I to calculate the relative radical scavenging rate (k AOx /k RR ). We used solutions of ascorbic acid at concentrations of 0-0.5 mM to calculate the relative hydroxyl radical scavenging rate, as shown in Fig. 2a .
We used ascorbic acid solutions at a concentration of 0-0.06 mM to calculate the relative alkyl-oxy radical scavenging rate, as shown in Fig. 2b. 
Instant Coffee Manufacturing Method and Scavenging Activity
Sample A contained instant coffee that was manufactured using a spray-drying method, while B, C, and D were manufactured using a freeze-drying method. Sample A was the lowest priced, and the cost increased for each of B, C, and D. The radical scavenging activity of 1 unit of each sample is shown in Fig. 3 . The radical scavenging activity of samples manufactured by freeze-drying increased with cost.
Moreover, Sample A, which was manufactured by spray-drying, showed a higher radical scavenging activity than B and C. In general, the price of instant coffee manufactured by freeze-drying is higher than that made by spray-drying. Therefore, we suggest that the radical scavenging activity of instant coffee depends on the quality of the coffee bean, rather than the manufacturing method.
Concentration of Instant Coffee and Scavenging Activity
The radical scavenging activity proportionally increased as the concentration was increased to 4 units, as shown in Figs. 4 and 5 . Thus, the radical scavenging activity increases with concentration until a saturated solution is reached.
Radical Scavenging Activity of Instant Coffee
We previously reported the radical scavenging activity of blueberries [10, 11] . The hydroxyl and alkyl-oxy radical scavenging activities of blueberries (in equivalent ascorbic acid concentration) were 20 mM/mg and 7 mM/mg, respectively. One unit of instant coffee has 330-450 mM/mL of hydroxyl radical scavenging capacity and 100-220 mM/mL of alkyl-oxy radical scavenging capacity, in equivalent ascorbic acid concentrations. Thus, instant coffee has a radical scavenging activity of ~20 times that of blueberries. We concluded that instant coffee had very high hydroxyl and alkyl-oxy radical scavenging activity.
Conclusions
The hydroxyl and alkyl-oxy radical scavenging activities of instant coffee were examined using an ESR spin-trapping method. The ESR signal of the CYPMPO adduct was sensitive and very stable. We concluded that instant coffee has a very high
